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ABSTRACT 
A charge transport model based on ion drift in gases of strong electron affinity has been studied 
in details and validated against experimental results in air and SF6 at different pressure and 
voltage levels. The size of the insulators also differs significantly. The choice of the model 
parameters, i.e. the solid and gas material properties, is carefully examined with information 
from existing literature. Results show that using the selected parameters, satisfactory 
agreement between predicted and measured potential distribution and surface charge density 
along the insulator surface can be obtained. Computational results for an 1100 kV epoxy spacer 
for use in HVDC wall bushing show that the concept of electrical conductivity as a material 
property is no longer valid in strong electric field for the gas surrounding the insulator. The 
polarity and density of the accumulated surface charge depend on the relative largeness of the 
electrical conductivity of the insulator material and the effective conductivity of the gas. The 
nonlinear effect due to ion generation and recombination becomes significant at very high 
voltage. The metallic cap providing shielding of the triple junction at the high voltage end of 
the insulator can induce much stronger local electric field near the insulator surface, by a factor 
of 1.48, if its shape is not optimized against the insulator geometry.    
 Index Terms — HVDC insulation, HVDC spacer, epoxy insulator, charge transport, surface 
charge accumulation  
 
1  INTRODUCTION 
   DC power generation and distribution first appeared in 1882 
at 110 V. However, it lost to AC technology in the War of 
Currents around 1890 largely because there was no practical 
means to transform the DC voltage. As a result, AC technology 
dominated the electricity industry over the next 100 years and 
the transmission voltage level increased steadily to 750 kV in 
1965 [1] and has reached 1100 kV nowadays [2]. Although DC 
technology was used in specific applications, its voltage level 
remained around 100 kV until 1970 [3]. The availability of 
semi-conductor power electronics components led to the 
revolutionary increase in DC transmission voltage levels, 
jumping to 400 kV in 1970 [4], which was then followed by a 
renewed interest and exploitation of HVDC transmission 
technology. More than 20 lines have already been installed at a 
voltage level of 800 kV at relatively long transmission distances. 
Most of the lines above 750 kV were installed in the past ten 
years [5]. 
  While HVDC is advantageous over HVAC for the 
transmission of bulk volume of electricity over long distance 
(>700 km), the behaviour of solid insulators is more 
complicated than those used in HVAC applications due to the 
phenomenon of charge accumulation on the interface of gas-
solid insulation. Insulators are used to provide mechanical 
support to conductors of significant weight and electrical 
insulation between the conductor and the earth. They are made 
of materials with low electrical conductivity (like epoxy or cast 
resin) to minimise the leakage current. Insulators often 
represent the weakest point in the insulation system. 
  The earliest paper, to the authors’ knowledge, that suggested 
the importance of surface charge accumulation was by Cooke 
[6]. It is commonly recognised that the accumulation of surface 
 charge may affect the flashover characteristics of supporting 
insulators under HVDC stress [6-9]. However a comprehensive 
literature review shows that only a very limited amount of 
quantitative evidence exists to demonstrate the significant 
reduction of DC insulation strength in terms of flashover 
voltage under the influence of long term charge accumulation 
[9-12]. In these published works charges were deliberately 
generated by corona discharge to manifest the role of 
accumulated charges.  
    The initiation of a surface flashover is usually through the 
emission of electrons from the triple junction or localised 
ionization near the insulator surface where the electric field is 
much enhanced. In practice, the flashover voltage of supporting 
insulators is determined by a number of factors, such as the 
shape and structure of the spacer, contamination of surface 
increasing the local electric field strength or surface 
conductivity [13, 14], defects or protrusions on the surface [15-
17], or attachment of metallic particles on the surface. There 
was also work showing that material impurity and electrode 
profile can become purely responsible for the accumulation of 
surface charge while the type of gas and insulation material yet 
play a less important role in the accumulation process [8,18]. 
Therefore, at present the long-term insulation behaviour of 
insulators under HVDC stress is indeed an extremely 
complicated problem and not well understood. Appropriate 
models will be needed to assist the explanation of the 
operational behaviour of HVDC insulators and to minimise the 
adverse effect that can occur in reality.   
   A significant amount of work exists either on 1) the 
measurement of electrostatic potential distribution or surface 
charge density on insulator surface under DC stress, or 2) the 
interpretation of the experimental results using charge transport 
models. The earliest work was most done by Japanese 
researchers [7,9,17,19,20] with focus on the measurement of 
surface potential distribution of model insulators in SF6 Gas 
Insulated Switchgear (GIS). It was confirmed in the above work 
that surface charge density is in the range of 2-5 nC/cm2 when 
a voltage of 200 kV was applied for a long duration (139 hours). 
It was suggested that surface charge density rapidly increased 
in several tens of minutes following the voltage application, and 
finally approached a saturated state in 3-5 hours [9]. The 
maximum applied voltage was 310 kV on a rod insulator with 
a length of 38.9 mm placed in SF6.  
   More recent work on measurement was reported by a German 
group [21,22]. The potential distribution along the surface of an 
epoxy insulator with Al2O3 filler was measured for up to 8000 
hours in air when a constant DC voltage was applied. The 
measurement was corrected for possible influence due to the 
presence of the probe itself. The insulator has a typical length 
of 132 mm and diameter of 80 mm. The maximum applied 
voltage was 15 kV.  Results show that the potential profile along 
the insulator surface changes gradually with the application 
time of the DC voltage. The maximum voltage drop of 5 kV 
takes place at a location on the surface that is close to the high 
voltage electrode (at 80% of the insulator length from the 
earthed end). This is significant in view of the effect of the 
accumulated charges. The maximum surface charge density 
was obtained with a value of 1.75 nC/cm2 after 25,000 hours. 
This is probably the most complete and reliable set of 
measurement results with all conditions given.   
   On the modelling side, the earliest interpretation of charge 
measurement was based on Maxwell’s equations applied in a 
single direction [6], i.e. in the normal direction of the insulator 
surface. The role of positive and negative ions drifting and 
diffusing in gases of strong electron affinity such as SF6 and air 
was recognised early in 1980 [6]. A model including charge 
transport in gas was first proposed by Wiegart in 1988 [23] but 
a more complete charge transport model was only recently 
applied to model the experimental cases [21,22,24]. Different 
values of the model parameters, such as the bulk electrical 
conductivity of solid insulation material, ion pair generation 
rate, mobility of ions and recombination coefficient, were used 
in different work, accounting for the difference in materials 
used (due to impurity or filler material) and thermodynamic 
conditions of the gas. Encouraging results have been obtained 
on insulators at voltage levels up to 400 kV [24] with different 
insulator shapes and sizes, but no verification of the simulation 
results is given. There has been more model verification work 
recently but its focus is on the time-evolution of the field 
distribution [25, 26]. The model based on ion transport in gas 
will therefore need to be further tested and improved for use in 
practical product design which must consider the insulator 
behaviour with design imperfection and realistic operation 
conditions.  
   The present work aims at further verification of the charge 
transport model based on available experimental results from 
different sources and the application of the model to study the 
main features of the charge accumulation process around a full 
scale supporting spacer that is designed for use in 1100 kV 
HVDC wall bushings.  Section 2 describes the mathematical 
model and boundary conditions based on consideration of the 
physical processes. The accuracy of the numerical solution of 
the governing equations and its dependence on mesh size is also 
discussed in Section 2. The modelling of two experimental 
cases is performed in Section 3 where prediction based on the 
model is compared with experimental results in details. The 
charge transport behaviour of a supporting spacer is studied in 
Section 4 and conclusions finally drawn in Section 5. 
 
2  THE MATHEMATICAL MODEL FOR 
CHARGE TRANSPORT 
   There has been experimental evidence showing that following 
the application of a DC voltage, an insulator will undergo a 
transient process (capacitive field) before a steady state is 
reached where electrical conductivity controls the distribution 
of electric field. The flow of charge in gaseous or solid media 
during the transient process leads to the accumulation of 
charges that subsequently affects the electric field distribution. 
As a result, conduction current is adjusted to finally reach a 
situation where conservation of charge is fulfilled.  
2.1 GOVERNING EQUATIONS 
    Because of the high electrical conductivity of the electrode 
material and low leakage current through the insulator, the 
potential drop in the electrode is negligibly small. The potential 
equation is therefore not solved in the electrode part. The flow 
of charges in solid insulation material such as epoxy under the 
 action of an applied electric field is controlled by its electrical 
conductivity. The ability to conduct depends on the energy band 
structure of the material [27] and the number of electrons in the 
conduction band, which is a material property. Therefore, the 
current density satisfies the following equation 
                      
∇ ∙ (𝜎𝑉𝑠∇𝜑𝑠) = 0                    (1) 
 
where 𝜎𝑉𝑠  is the volume electrical conductivity which in 
practice depends on the material, the fillers and the casting 
process. 𝜑𝑠  is the electrostatic potential. The relative 
permittivity of epoxy can be chosen in the range of 2.5-5 
[17,24,28]. It was reported in [28] that the bulk conductivity of 
epoxy material varies with the applied electric field  
  
𝜎𝑉𝑠 = 𝜎0 ∙ 𝑒
𝛼∙𝐸                                                                         (2) 
 
where 𝜎0 and 𝛼 are both empirical coefficients relating to the 
resin material and casting technology. However, both 
coefficients can take values over a wide range, 10−19 −
10−12𝑆/𝑚  for 𝜎0  and 0.015 − 0.1 𝑚/𝑀𝑉 for α . The same 
authors measured the conductivity of GIS-utilized epoxy resins 
with alumina and silica fillers. Their results show that the 
conductivity varies insignificantly over 0 to 6 kV/mm and its  
average value is 2×10-14 S/m for fillers of Al2O3 and SiO2. For 
field strength larger than 11 kV/mm, an average value of 8×10-
13 S/m was obtained. No guidance is given on the selection of 
these two coefficients for commercial grade materials.  
    Other experimental evidence [17] shows that the bulk 
conductivity remains constant at 10-14 S/m for untreated epoxy 
specimen when the applied field strength lies in the range of 
1kV/mm to 5 kV/mm. In more recent modelling work [21], a 
value of 3.33×10-18 S/m was chosen to obtain results that agree 
well with measurements. Given the large difference of its value 
in literature, the bulk electrical conductivity of epoxy insulator 
with or without fillers should be obtained by measurement if 
reliable prediction based on a charge transport model is to be 
obtained. For the work in Section 4, a constant value of 1.6×10-
16 S/m, which was measured at 20oC with an electric field 
strength of 2.8×107 V/m, i.e. 28 kV/mm, is provided by the 
manufacturer and used in the modelling work. 
    The ability of gas to conduct current depends on the number 
density of charged particles and their collision frequency with 
other particles. In weak electric field, the number density of 
charged particles is controlled by their local generation and loss 
rate due to ionization and recombination and the drift of charged 
particles in electric field does not influence the number density 
remarkably. Thus, the concept of electrical conductivity is 
valid. However, in strong electric field, the influence of charge 
drift becomes significant and the number density of charged 
particles varies remarkably in space, as will be shown in Section 
4. The electrical conductivity of the gas can no longer be treated 
as a material property. Thus, it is necessary to consider the 
transport processes of charged particles. 
    Electrons generated by ionization are slowed down to 
thermal energies within some tens of picoseconds [23]. Because 
of the high electron affinity of SF6, low-energy electrons are 
attached to molecules by resonance capture (within 1 ps) and 
form metastable association complex (SF6)-*. This also applies 
to air. It is commonly accepted that the number density of 
charged particles in gas is controlled by the following 
governing equation [24] 
 
∇ ∙ (−𝐷+/− ∙ ∇𝑁+/− − 𝑁+/− ∙ 𝑏+/− ∙ ∇𝜑) = 𝑆𝐼𝑃 − 𝐾𝑟 ∙ 𝑁
+/− ∙
 𝑁−/+                                 (3) 
 
where 𝑁+/− is the number density of positive/ negative ions, Kr 
their recombination coefficient, 𝑏+/− their mobility, and 𝐷+/− 
their diffusion coefficients.  
    There has been a considerable amount of work on the 
measurement of the mobility of negative ions in SF6 [29-36]. 
However, the gas pressure used in almost all the measurements 
was at most a few hundred mbar, much low than the pressure 
used in GIS or wall bushings. At low pressure the mobility of 
negative SF6 ions is around 5×10-5 m2/V/s. Schmidt and 
Jungblut [35] were the first authors to obtain the mobility of SF6 
ions at high pressure from 0.25 bar to 21 bar. They obtained a 
value of 9×10-6 m2/V/s for both positive and negative SF6 ions. 
The mobility remains constant for electric field strength below 
105 V/m at 0.25 bar and below 6×105 V/m at 21 bar. A value of 
3.6×10-5 m2/V/s for negative SF6 ions at 1 bar was obtained by 
Kindersberger et al [37]. Since the results in [35] were obtained 
under conditions close to the real application, the value of 9×10-
6 m2/V/s is therefore used in the present work.  
    There is very little work on the measurement of diffusion 
coefficient of SF6 ions in their parent background gas. We 
derived a value of 7×10-8 m2/s from the results given by 
Nakamura [38] by extrapolating his results to an E/N value 
corresponding to the case under study (6 bar and 300 K for SF6). 
A value of 2.4 for the energy factor, defined as 39.6D/ where 
D is the diffusion coefficient of negative ions in SF6 and  their 
mobility, was obtained by Naidu and Prasad [34]. Using the 
mobility value of 9×10-6 m2/V/s given by Schmidt and Jungblut 
[35], a diffusion coefficient of 5.45×10-7 m2/s was calculated. 
Using Einstein’s relationship and the mobility of Schmidt and 
Jungblut, we can also derive a value of 2.3×10-7 m2/s. The 
closest experiment conditions to the real application were used 
by Kindersberger et al [37] at 1 bar and room temperature to 
directly obtain a value of 2.84×10-9 m2/s. It will be shown in 
Section 4 that diffusion plays an unimportant role in the charge 
accumulation process. The experimental value of 2.84×10-9 
m2/s will be used in our model. 
    SIP in Equation (3) represents the generation rate of ion pair. 
For SF6 we have little experimental results. The only work was 
done by Kindersberger et al [37] who obtained values from 2.6 
×107 /m3/s in the ground floor of buildings to 5.5 ×107 /m3/s 
outdoor at 4 bar. Their results were extrapolated to 6 bar based 
on the measured values at different pressures, giving a value of 
3.3×107 /m3/s, which is used in the present work.  
    The recombination coefficient of positive and negative SF6 
ions was only measured by Kindersberger [37] at 1 bar with a 
value of 1.7×10-12 m3/s. Since the recombination coefficient at 
higher pressure is approximately inversely proportional to 
pressure, therefore in the present case of 6 bar, the 
recombination coefficient is estimated as 2.8×10-13 m3/s for use 
in Section 4.   
    The electrostatic potential distribution in the gas region is 
obtained by solving Poisson’s equation. The space charge 
 required is calculated based on the number density of positive 
and negative ions. 
   There have been experimental indications that under certain 
conditions the surface of insulators may conduct a significant 
proportion of the leakage current [16]. There were also 
proposals to modify the insulator surface material to change and 
thus optimize the insulation performance. One way to do this is 
to form a surface layer of particular conductivity to influence 
the electric field distribution. According to [17], the surface 
conductivity on an epoxy insulator lies in the range of 10-18 S to 
10-20 S when the applied field varies from 1 kV/mm to 5 
kV/mm.  
    The thickness of the surface layer is normally negligibly 
small compared with the diameter of the insulator. It is 
acceptable to treat the surface layer as a zero-thickness 
conducting surface satisfying the following conservation rule 
for current 
 
∇ ∙ (2πr𝜎𝑠 ∙ ∇𝜑𝑙) = 2𝜋𝑟(𝐽𝑠𝑛𝑜𝑟 − 𝐽𝑔𝑛𝑜𝑟)                                (4) 
 
where 𝜑𝑙 is the electrostatic potential on the surface layer, 𝜎𝑠 is 
the surface electrical conductivity and 2π𝑟(𝐽𝑠𝑛𝑜𝑟 − 𝐽𝑔𝑛𝑜𝑟) 
represents the current entering the surface layer from the gas 
and solid regions with  𝐽𝑠𝑛𝑜𝑟  being the current density in the 
solid material in the direction normal to the surface and 𝐽𝑔𝑛𝑜𝑟  
the corresponding normal current density in the gas region. The 
current density vector in the gas can be expressed as 
 
𝑱𝑔 = 𝑒[𝑬(𝑛
+𝑏+ + 𝑛−𝑏−) − (𝐷+∇𝑛+ − 𝐷−∇𝑛−)]                   (5) 
 
2.3 BOUNDARY CONDITIONS AND MESH SIZE 
   Boundary conditions are essential to obtain reasonable 
computational results from the governing equations. For 
convenience Table 1 summarises all boundary conditions 
required in the present work. The most important consideration 
is the interaction between solid surface and ions. A solid surface 
(insulator surface or electrode surface) does not directly 
generate ions. Therefore, when the ions are subject to an electric 
force to move away from the surface, their number density will 
drop at the surface. If the field is strong enough, the ion number 
density will approach zero. When the electric field near a 
surface attracts an ion towards it, the ion will collide with the 
surface. As a result, at least one electronic charge is delivered 
to the surface through neutralisation of the ion. In reality, the 
ion must be neutralised on the surface. This is because in the 
presence of a constant DC field in the normal direction of the 
surface, a leakage current has to be maintained across the 
surface by this ion flux but the ions cannot be continuously 
attached onto the surface.   
    The model was implemented in COMSOL 5.0. The charge 
transport equations are implemented using the Coefficient Form 
PDE interface and the surface layer by Coefficient Form 
Boundary PDE interface. Care has been taken to ensure the 
correct computation of the divergence term of the vector 
quantities that are solved. Despite the friendly user interface in 
COMSOL to set up multi-physics models, severe convergence 
difficulties can be experienced due to the dominance of ion drift 
in strong electric field in gas. A stabilisation method based on 
artificial diffusion has to be employed to obtain a converged 
solution to the governing equations. On the other hand, the 
effect of artificial diffusion has to be negligible to obtain 
accurate results. 
    Meshing is an important step in the simulation process to 
obtain converged results with sufficient spatial resolution. 
Extensive trial work has led to the choice of a maximum mesh 
size of 1-3 mm with a refined mesh size of 0.05 mm near the 
insulator surface or conductors with small curvature radius. 
 
3  VALIDATION OF MODEL 
    Despite the effort so far there are still uncertainties in the 
properties of epoxy and gas. Therefore, model validation is 
essential to build confidence in its effectiveness. In this section, 
two experimental cases involving different gases and voltage 
levels are modelled and prediction compared with 
measurement.   
3.1 EPOXY INSULATOR IN AIR AT 15 KV 
    The first case was from Winter and Kindersberger [21] with 
an epoxy insulator placed in a test chamber that was filled with 
air at atmospheric pressure and room temperature. The insulator 
has a length of 132 mm and diameter of 80 mm. The 
computational domain in the present work was constructed 
based on the geometric information given in [21], especially its 
Figure 1. The material properties used are also identical to those 
used in their simulation (given in captions of their Figure 9).  
The current density of ions in the model consists of three 
components, the drift current, the physical diffusive current and 
the artificial diffusive current. The artificial diffusion 
coefficient of ions is related to the mobility of the ions and a 
characteristic field strength [39]. This field strength is varied 
until the solution is converged with a minimum value of the 
characteristic field strength. It has been found that the ion 
current density in gas due to artificial diffusion is only 0.3% of 
the total current density for the case reported in this section. It 
remains less than 5% when a voltage of up to 800 kV is applied 
across a wall bushing spacer (section 4.2). The use of false 
diffusion to stabilize the computation is thus acceptable. A 
comparison of the electrostatic potential along the surface of the 
insulator is given in Figure 1. The predicted distribution from 
the present work is slightly lower than the measurement. This 
is reasonable since steady state corresponds to a time of infinity. 
The predicted maximum surface charge density is 1.92×10-5  
C/m2 (Figure 2) which compares well with the value of 
1.75×10-5  C/m2 given in [21]. The spike in Figure 2 at z = 0.144 
is due to the curvature change at that point on the surface. 
Despite the very good agreement, our calculated negative ion 
number density distribution is slightly different from that 
reported in [21], especially the high-density strip shown in 
Figure 3. The strip in our case is slightly wider and joins the 
electrode surface while in [21] it joins the insulator surface.   
 
  
Figure 1 Predicted electrostatic potential distribution along the axial direction 
on the insulator surface (full curve) and the measured potential values with a 
voltage application time of 8000 hours at 15 kV as given in [21] (symbols).  
 
 
Figure 2 Predicted surface charge density along the axial direction of the 
insulator for an applied voltage of 15 kV.  
 
Figure 3 Distribution of the negative ion number density in the gas (air) domain 
with a pressure of 1bar and applied voltage of 15 kV. The black lines in the gas 
domain are used to refine the grids. They cannot be removed from the diagram 
but should be ignored.  
3.2 EPOXY INSULATOR IN SF6 AT 200 KV 
The experimental cases in [9] with different insulator shapes 
were simulated with the conditions given in the experiment. 
The insulators have a short length of 4 cm and diameter of 4 
cm, much smaller than the case in Section 3.1. The pressure of 
SF6 is between 2-3 bar. The filler materials are Silica (SiO2) and 
Alumina(Al2O3). No material properties are given in [9]. The 
electrical conductivity of epoxy material, in the absence of 
information provided by the authors, is given a value of 
1.89×10-16 S/m for epoxy filled with Al2O3 microns [40].  
    The calculated surface charge density is shown in Figure 4 
by the dashed lines. It is fairly close to or slightly larger than 
the measurement averaged in the azimuthal direction (large 
circules in Figure 4). Our prediction is reasonable because the 
experimental system approaches steady state in 3 to 5 hours [9]. 
There is large fluctuation of surface charge density in the 
azimuthal direction indicating the unevenness of the 
distribution. In addition, the present model leads to results much 
closer to the measurement than the simple estimation in [9] 
which is shown by the solid lines in Figure 4 . 
 
 
    
 
    
Figure 4 Comparisons of measurement and simulated results.   Small circles – 
measured surface charge density; large circles – average value of the measured 
charge density in the azimuthal direction; solid curves – from simple model in 
[9]; red dashed curve – present work. 
 
 
4  COMPUTATIONAL ANALYSIS OF THE 
PERFORMANCE OF AN 1100 KV EPOXY 
SPACER 
    Following the verification of the charge transport model in 
Section 3, it was applied to an HVDC epoxy spacer designed 
for application in wall bushings up to 1100 kV. The original 
design of the bushing is three dimensional with a length of 28 
meters. Due to the prohibitive demand on mesh and 
computational time, the gas environment for the insulator is 
simplified. As can be seen in Figure 5, the insulator is mainly 
stressed between the central conductor and by the earthed wall 
(Figure 5b) while in the longitudinal direction there is less 
electrical stress. We are thus able to approximate the gas 
environment by using a spherical domain of the same diameter 
of the bushing barrel, as given in Figure 6.  In the present work, 
we use two geometries of the central electrode with the simple 
one shown in Figure 6. The more complicated geometry will be 
introduced in Section 4.4 when relevant results are discussed. 
Unless stated otherwise, all results presented in Sections 4.2 to 
4.4 are obtained using an epoxy electrical conductivity of 
1.6×10-16 S/m (manufacturer supplied value) . 
 
    
(a)                                             (b) 
Figure 5 Front and side view of the original design of the middle section of the 
wall bushing. The shape of the spacer is for illustration only. 
 
 
Figure 6 Cross sectional view of the simplified insulator system. The 
dimensional values are in mm. 
 
    The spacer itself is axis-symmetric and two electrodes are 
embedded into it. The maximum diameter and height are 246 
mm and 620 mm, respectively. The original design contains a 
section of the surface with crest-furrow corrugation to increase 
the creepage distance. The SF6 gas is at 6 bar absolute. A 
temperature of 300 K is used in the present work. The maximum 
mesh size is 3 mm in regions where electric field is changing 
slowly in space. A typical mesh size of 0.3 mm is used near the 
conductor and insulator surfaces to ensure adequate spatial 
resolution. Further reduction in mesh size leads to negligible 
change in the solution. Relatively strong relaxation should be 
used to guarantee convergence of the solution process at very 
high applied voltages. 
 
4.1 OVERALL FEATURES OF THE CHARGE 
ACCUMULATION PROCESS AROUND THE SPACER 
Charge accumulation is a consequence of charge movement 
in the insulation media, whether gas or solid. The flux of charge 
in the epoxy material is proportional to the local electric field 
strength since the electrical conductivity is fixed. This is 
however not the case in gas because the electrical conductivity 
of gas depends on the charge number density and also the 
mobility. Unlike in epoxy, charges in gas such as SF6 are 
allowed to have very different number density depending on the 
transport mechanisms. Accumulation of charges occurs when 
the divergence of the initial charge flux is not zero. At the solid 
surface, it is the difference in charge fluxes in gas and in epoxy 
in the normal direction that leads to charge accumulation in the 
absence of a surface layer. In reaching steady state, the 
accumulated charges alter the potential distribution which 
adjusts the local normal electric field components in gas and in 
epoxy to balance the charge fluxes.  
The concept of surface layer refers to the situation where the 
ability of the material near the insulator surface to conduct 
current is greatly enhanced or very different from the bulk 
material due to coating, ageing or other surface modification. 
The thickness of this layer is usually small (<0.1 mm). A 
surface layer with distributive electrical conductivity provides 
an additional dimension (along the surface) for the balance of 
electric currents across the gas-solid interface, therefore helping 
smoothen (minimize) the electric field strength and surface 
charge density along the insulator surface.  
    To explain the phenomenon, a simple case with a fixed low 
electrical conductivity in SF6 is simulated (Case A in Figure 7). 
The electrical conductivity in SF6 is set to only 1% of that in 
epoxy. As a result, little current can pass the interface and the 
current density in epoxy in the tangential direction of the 
insulator surface is much larger than that in the normal 
direction. Local enhancement of electric field is observed where 
the surface is crest and furrow shaped (Case A in Figure 7). 
Positive charges are accumulated on most of the insulator 
surface in order to increase the normal field component in gas 
near the surface to increase the normal current density 
component (Figure 8). The electrostatic potential along the 
insulator surface is given in Figure 9.   
    In Case B, the electrical conductivity of SF6 is set to a value 
close to that obtained from the charge transport model in the 
present work (5.35×10-18 S/m). When a smaller value of 
electrical conductivity for epoxy (3.33 ×10-18 S/m [21]) is used, 
the gas now becomes more conductive than epoxy and as a 
result the normal electric field component in epoxy has to be 
enhanced by accumulated negative charges (Case B in Figure 
8) in an attempt to balance the normal current density from the 
solid. The field strength near the top of the insulator is 
significantly enhanced (Case B in Figure 7) while on the surface 
of the lower part of the insulator the field is suppressed. This is 
linked to the very different potential distribution shown in 
Figure 9, demonstrating the fact that negative charge 
accumulation occurs when the gas is more conductive than the 
solid insulation material. 
    When the charge transport process is fully considered (Case 
C), the electric field becomes slightly stronger than Case A. 
Based on the number density of positive and negative charges 
and the mobility, we obtain an electrical conductivity of SF6 in 
the range from 2.14×10-18 S/m to 5.35×10-18 S/m. The value at 
the middle of the insulator surface is 3.0×10-18 S/m, which is 
less than 3% of the epoxy conductivity (1.6×10-16 S/m). 
Therefore, this case is similar to Case A with mainly positive 
charges accumulated on the surface of the insulator (Case C in 
Figure 8).  The potential curve is also similar to Case A as 
shown in Figure 9. 
It is therefore very clear that the polarity of the charge 
accumulated on the insulator surface and modification of the 
surface potential both depend on the relative magnitude of the 
effective conductivities of epoxy and gas. 
 
  
Figure 7 Case A (Blue line): 1.6×10-16 S/m for epoxy and 1.6×10-18 S/m for SF6; 
Case B (Yellow line): 3.33 ×10-18 S/m for epoxy and 5.35×10-18 S/m for SF6; 
Case C (Black line): solution by charge transport model with 1.6×10-16 S/m for 
epoxy, in the gas side;  
 
 
Figure 8 Surface charge density along insulator surface. Case A (Blue line): 
1.6×10-16 S/m for epoxy and 1.6×10-18 S/m for SF6; Case B (Yellow line): 3.33 
×10-18 S/m for epoxy and 5.35×10-18 S/m for SF6; Case C (Black line): solution 
by charge transport model with 1.6×10-16 S/m for epoxy;  
 
 
Figure 9 Case A (Blue line): 1.6×10-16 S/m for epoxy and 1.6×10-18 S/m for 
SF6; Case B (Yellow line): 3.33 ×10
-18 S/m for epoxy and 5.35×10-18 S/m for 
SF6; Case C (Black line): solution by charge transport model with 1.6×10
-16 
S/m for epoxy. 
4.2 NONLINEARITY OF THE SYSTEM 
In equilibrium state without any applied electric field, the ion 
pair number density attains a value of √
𝑆𝐼𝑃
𝑘𝑟
, which is 1.13×1010 
m-3. When the ions drift in an applied electric field and with the 
boundary conditions given in Table 1, the ion number density 
develops severe non-uniformity in the gas domain, as shown in 
Figure 10. The maximum value is around 3.6×106 m-3, much 
lower than the equilibrium value. Positive ions are expelled 
from the conductor and insulator surface while negative ions 
are attracted towards the electrode surface. There is a strip of 
relatively higher negative ion number density as shown by the 
broken rectangle in Figure 10b. The reduction in ion number 
density in comparison with the equilibrium value means that 
without additional ionization sources due to electric discharge 
near the insulator (corona or partial discharge), the effective 
electrical conductivity of SF6 can vary over a few order of 
magnitude through the change in ion number density. Thus, we 
must solve the charge transport equation directly to account for 
current conduction in the gas, instead of using the electrical 
conductivity.  
Figure 11 shows the electrostatic potential distribution along 
the insulator surface at different applied voltages. The 
difference between the distribution at 200 kV multiplied by a 
factor of 4 and that at 800 kV represents the nonlinearity of the 
system (Figure 11a). This also applies to the surface charge 
number density in Figure 11b. Examination of the governing 
equations indicates that it is the recombination terms that 
contribute to this nonlinearity. 
 
      
                  ( a )                     ( b ) 
Figure 10 Density distribution of positive (a) and negative (b) SF6 ions in the 
gas domain at an applied voltage of 800 kV. 
 
 
(a) 
 
                  (b) 
Figure 11 Electric potential distribution (a ) and surface charge density ( b ) 
along the insulator surface at 200 kV (but with results multiplied by a factor of 
4) and 800 kV. 
 
 4.3 INFLUENCE OF SURFACE PROFILES ON THE 
MAGNITUDE OF ACCUMULATED SURFACE 
CHARGE 
    Under steady state, the normal electric field component on 
the gas-solid interface is related to charge accumulation. The 
field component tangential to the insulator surface is however 
affected by the total effective conducting cross sectional area 
normal to the tangential current component. In the original 
design, the lower part of the insulator has crest-furrow shaped 
corrugation on its surface. Our modelling results (Case C in Fig. 
7) show that this surface profile in fact leads to a maximum 
electric field strength, 3.5×106  V/cm at 800 kV, that is higher 
than that near the top of the insulator (2.5×106 V/cm). In 
contrast, the field strength with a smooth surface has a lower 
maximum field strength (Figure 12). It is to be noted that the 
smoothness of the surface has a significant influence on the 
peak electric field. The two peaks at z = 0.23 m and z = 0.36 m 
are due to the sudden change of the surface tangential direction, 
leading to very small radius of curvature on the surface. 
Therefore, in practical insulator design and manufacturing, the 
smoothness of the surface can have a significant effect on the 
local electric field.     
The effective electrical conductivity in SF6  varies along 
the insulator surface by a factor of 2. In the absence of a surface 
layer, minimum surface charging can be achieved if the 
effective electrical conductivity of the gas is approximately 
equal to that of the insulator. Ideally, the electrical conductivity 
distribution of the solid insulation material along the insulator 
surface should also be optimized based on the effective 
electrical conductivity of the gas at steady state which can be 
calculated using the mobility of the ions and ion number 
densities. 
4.4 EFFECT OF SHIELDING OF TRIPLE JUNTION 
The triple junction is always a matter of concern in the 
operation of insulator if it is not well shielded. Results in Figure 
13 show that with the shielding cap the total electric field along 
the surface (Figure 13a) becomes much higher than that with 
the simple geometry, as given in Figure 13b. With the cap the 
maximum field strength along the surface appears at a vertical 
position that is level with the bottom of the cap. It increases 
from 2.4×106 V/m with the simple shape central electrode to 
4.4×106 V/m with the shielding cap, an increase of 83% (Figure 
12a). Much more negative charges are accumulated on the 
surface in this region as well. 
  A close examination reveals that in the present case the 
electrical conductivity of epoxy is 1.6×10-16 S/m (manufacturer 
supplied value) which is much larger than the effective 
electrical conductivity of SF6 which is in the range of 2.14×10-
18 S/m to 5.35×10-18 S/m. Thus, epoxy is much more conducting 
than SF6 and the gas gap between the inner downwards side of 
the cap and the upper part of the insulator is exposed to a high 
potential and the electric field is thus enhanced.  The electric 
field vector given in Figure 14a indeed shows that there is a 
dominant normal electric field at the surface in the upper part 
of the insulator. With a higher epoxy electrical conductivity, the 
idea of using this shielding cap does not suppress the electric 
field, instead it enhances the field strength which is not favored.  
 
( a ) Electric field 
 
( b ) Surface charge density 
Figure 12 Electric field strength (total field) (a) and surface charge density (b) 
at the insulator surface for three cases: original design (1); crest-furrow 
corrugation replaced by smooth surface (2), and central conductor replaced by 
a cap (3). 
   
Figure 13 Electric field strength distribution in the gas domain with a shielding 
cap for the insulator at 800 kV. 
        
(a)                                              (b) 
Figure 14 Positive (a) and negative (b) ion number density distribution in the 
gas domain with the shielding cap on the high voltage side of the insulator. The 
applied voltage is 800 kV. 
     Computation was also performed at 200 kV and 1100 kV for 
the insulator with the shielding cap. The distribution of ion 
number density is similar to Figure 14. Results in Figure 15 and 
16 show that at all three voltage levels the use of the shielding 
cap greatly enhances the local electric field near the top of the 
insulator. The maximum electric field at the upper-outer edge 
of the cap has a value of 2.5×107 V/m at 1100 kV. The 
maximum electric field along the insulator surface is 6×106 k/m, 
as shown in Figure 15. Compared with the 800 kV case with the 
central electrode as shown in Figure 10, there is a much larger 
amount of negative charge accumulated on the insulator 
surface, therefore changing the local potential distribution and 
also local electric field on the surface. 
 
Figure 15 Electric field on the insulator surface at three applied voltages of 200 
kV, 800 kV and 1100 kV with the shielding cap. 
 
Figure 16 Surface charge density distribution at three applied voltages of 200 
kV, 800 kV and 1100 kV with the shielding cap. 
 
4.5 PRACTICAL FACTORS THAT AFFECT THE 
INSUATION PERFORMANCE OF INSULATORS 
    The present study assumes that there are no additional 
ionization mechanisms present in the system under study. This 
includes any partial discharges or corona near the insulator. The 
authors have performed measurement of the potential near the 
insulator surface under HVDC stress in SF6 with the 
experimental setup illustrated in Figure 17. The insulator has a 
metallic insertion at each end which has a depth of 20 mm and 
a diameter of 20 mm. The disk electrodes (labeled 1 and 3 in 
Figure 18(b)) are connected to the insulator through a bolt. The 
insulator has an overall length of 150 mm and diameter of 50 
mm at one side (near disk 1) and 55 mm at the other side (disk 
3). The diameter of the disk electrodes is 100 mm. The left-hand 
side disk (disk 3) is earthed. 
    The electrostatic potential probe used in the present work is 
Trek 6000B5C with a matching conversion circuit (Model 347). 
It has a measurement range of 0 – 3000 V, DC. The sensing 
head has a diameter of 11.2 mm, corresponding to a spatial 
resolution better than 5.6 mm. The sensor was parked at a 
shielded location (on the left hand side of disk 3 in Figure 18(b)) 
when high voltage was applied. On completion of the voltage 
application, the high voltage was reduced to zero and the feeder 
wires earthed. The two disks on the high voltage side (disk 1 
and 2) were then separated physically to provide physical 
insulation from the voltage source. Thus the high voltage end 
of the insulator is floating during the measurement process. The 
probe was then moved towards the insulator for potential 
measurement. The output of the probe at the measurement 
locations has been calibrated against a standard HVDC voltage 
source (0.1% accuracy) which is connected to a thin strip of 
conducting foil tightly attached to the insulator surface. 
Before sealing the chamber for high voltage test, an 
ultraviolet camera was used to identify locations of significant 
partial discharges in air. It was found that the connection part 
between the high voltage disk electrode (disk 1) and metallic 
insulator insertion was causing severe partial discharges. The 
surface near the connection was then cleaned and the insulator 
realigned with the disk electrodes 1 and 3. The second location 
for partial discharge in air (when the chamber was opened) was 
near the edge of the high voltage disk electrode. Partial 
discharges were not detected using PD detectors after the 
chamber was sealed and filled with SF6 at higher pressure. 
 
Figure 17 Schematic diagram of the experimental arrangement for insulator 
surface potential measurement.  
      
                 (a)                                                             (b)                                                           
Figure 18 (a) DC power supply and test chamber and (b) Experimental 
arrangement of the electrode, epoxy insulator and probe. The filling gas is SF6 
at 6 bar absolute. On finishing the application of a high voltage, disk electrode 
labelled 1 is driven leftwards to separate from disk 2.  
 
 
 Table 2. Experimental sequence for epoxy insulator in SF6 with a pressure of 
4.1 bar (absolute). The environmental temperature is 10oC. Electrostatic 
potential measurement was taken after each voltage application. Tind is the 
number of voltage application and the duration of each electrical stress. Ttotal is 
the cumulative voltage application time. 
Test 
ID 
 
HVDC 
(kV) 
Tind 
(hour) 
Ttotal 
(hour) 
Typical results at the end of each 
group of voltage application. 
1 +200 2×0.5 1.0 
Maximum of -30 V, 45 mm from 
the earthed end of the insulator. 
2 +300 2×0.5 2.0 
Maximum of 20 V, at 35 mm from 
the high voltage end. 
3 +400 4×1.0 6.0 
-200 V at 55 mm from the high 
voltage end, Figure 19(b). 
4 +450  3×1.0 9.0 Figure19 (a). Measurement taken 
per hour.  
5 +300 1×9.0 18.0 Figure19 (b). 
 
Two insulators of the same type and dimensions were used 
in the experiment. The first experiment was aimed at a study of 
the effect of surface charge accumulation over a duration of 10-
20 hours. The filling pressure of SF6 is 4.1 bar absolute. The 
experimental sequence is given in Table 2.  The insulator was 
first stressed with a DC voltage of 200 kV for 1 hour and 300 
kV for another hour. Measurement of the surface potential 
shows that at the end of this 2-hour DC stress the potential has 
a maximum value of 30 V at a location that is 35 mm away from 
the high voltage disk electrode. This is in clear contrast to the 
situation with a pressure of 1.01 bar (absolute) where the 
surface charge accumulated in 1 hour at 200 kV induces a 
potential of 300 V – 400 V. To investigate the effect of the 
magnitude of the applied DC voltage, it was then increased to 
400 kV for 4 hours and 450 kV for another 3 hours. The surface 
potential corresponding to DC voltage of 450 kV was measured 
each hour as shown in Figure 19(a). In Figure 19, the earthed 
end of the insulator has an axial coordinate of 286 mm and the 
high voltage end has a value of 436 mm, giving an insulator 
length of 150 mm. Results show that at a DC voltage of above 
400 kV, a significant amount of negative charges were already 
accumulated within 7 hours (4 hours at 400 kV and 3 hours at 
450 kV), near the high voltage electrode (Figure 19(a)). Thus 
another 9-hour long electrical stress at 450 kV was applied to 
observe the further potential variation. The results are given in 
Figure 19(b). It must be noted that the measured potential is 
induced by the charges on the insulator only because the DC 
power supply was switched off and isolated from the insulator 
during measurement. This is different from the case in [21] 
where the potential was measured while the HV was applied. It 
is evident that the increased negative potential from -200 V to -
400 V on the HV electrode side is induced by increased 
negative charge density accumulated on the insulator surface. 
The pocket of negative charges (arrowed lines) moves with an 
approximate speed of 3 mm/hour. More positive charges are 
accumulated near the earthed electrode, increasing the potential 
from 50 V to 200 V.  
In practice, there is always unevenness of the surface charge 
density in the azimuthal direction of the insulator due to various 
reasons, such as the presence of ionization source at locations 
away from the insulator due to discharge or due to the initial 
presence of surface charge in the installation stage. The results 
in Figure 20 were obtained with another insulator of the same 
size and material. In this experiment the insulator was rubbed 
with a piece of dry cleaning paper after its installation and the 
resultant potential distribution along axial lines of different 
azimuthal angle was measured after sealing the chamber and 
filling it with SF6 at 4.1 bar absolute. Results are presented in 
Figure 20. It is clear that there is large variation of surface 
charge density or potential in the azimuthal direction and 
negative charges are dominant. After the application of 400 kV 
for 1.5 hours and 450 kV for another hour, the potential 
distribution has had substantial adjustment as shown by the 
curves labelled “before 8h” in Figure 21 with the following 
features: 
o With the initial charge on the surface, positive surface 
potential can be induced on the application of 450 kV DC 
voltage. 
o The surface potential after 2.5 hours still bears memory of 
the initial charge. This can be evidenced by comparing the 
potential distribution at 120o of azimuthal angle in Figure 
21(b) with the corresponding curve in Figure 20.  
o Despite the dominant positive potential along the insulator 
surface, there is a general tendency of accumulation of 
negative charges near the high voltage electrode which 
induce a potential drop beyond the position of 400 mm, 
except at 120o.   
To further understand the charge accumulation process, a 9-
hour long application at the same voltage of 450 kV was 
performed and the results are given in Figure 21 by curves 
labelled as “after 9h”. It is shown that more and more negative 
charges are accumulated near the high voltage end of the 
insulator, significantly reducing the potential over half of the 
insulator length. The two curves in Figure 21b show, in 
particular, that a pocket of negative charge (at 330 mm) can stay 
on the surface for over 8 hours without being dissipated.  
    The above discussion of the experimental results points to the 
conclusion that in practical situations with possible minor 
defects of the insulator body, for an insulator of such size steady 
state at 450 kV will not be reached within 24 hours following 
the application of the high voltage. This is further supported by 
the result given in Figure 22 showing that at atmospheric 
pressure in SF6 charge decay over 11 hours only leads to a 31% 
reduction of the peak voltage, giving a decay time constant of 
around 30 hours. 
 
                            (a )                                                                 (b) 
Figure 19 (a) Surface potential distribution in the axial direction for a period of 
7 hours of electrical stress, 4 hours at 400 kV and 3 hours at 450 kV. (b) 
Comparison of cumulative surface potential distributions corresponding to 
voltage application of 4 hours at 400 kV, 3 hours at 450 kV and 12 hours of 450 
kV.  SF6 gas is at a pressure of 4.1 bar.  More details are given in Table 2. 
  
Figure 20 Initial distribution of potential near the insulator surface after the 
insulator was rubbed with a piece of dry paper after its installation but before 
sealing the chamber. 
 
                       (a)                                                             ( b ) 
    
                    (c)                                                                ( d ) 
Figure 21 Comparison of the ppotential distribution along the axial direction of 
the insulator before and after the application of 450 kV for a continuous period 
of 8 hours. This means that the curve labelled with “before 8h” is the cumulative 
result of 1.5 hours at 400 kV and 1 hour at 450 kV. Diagram (d) is a repeated 
measurement at 0o to check the repeatability of the measurement results.  
 
 
Figure 22 Electrostatic potential variation near the surface of the first insulator 
over a period of 11 hours from an initial condition which was created by 
breakdown of the electrode gap in SF6 at 1.01 bar absolute with an applied 
voltage of -325 kV. Measurement was taken at the azimuthal angle of 0o. 
 
5 CONCLUSIONS AND FUTURE WORK 
A charge transport model based on ion drift and diffusion in 
gas has been detailed in the present work with discussions on 
its model parameters, boundary conditions and influence of 
mesh size. It has been verified by experimental results in 
different gases and at different voltage levels. All model 
parameters are carefully examined based on literature research 
and wherever possible measured values are used.  The 
following conclusion can be arrived at based on the present 
work: 
 In strong electric field the number density distribution 
of charged particles in the gas is non-uniform and 
varies by several orders of magnitude. The concept of 
electrical conductivity as a material property becomes 
invalid; 
 The polarity of accumulated surface charge depends 
on the relative largeness of the effective electrical 
conductivity in gas and in solid insulation material 
near the insulator surface. When the gas has a much 
lower electrical conductivity, positive charges will 
appear on most of the insulator surface with positive 
polarity. 
 The system is nonlinear due to the ionization and 
recombination of ions. Its effect increases with the 
applied voltage. 
 Shielding of the triple junction can induce strong side 
effect by increasing the total field strength locally near 
the edge of the cap if its shape is not optimized. 
 
    In practice, there are factors that affect the usefulness of the 
model. Firstly, in different situations the model parameters such 
as the bulk electrical conductivity of the insulator material and 
the mobility of ions may vary. Further effort will be needed to 
obtain more accurate model parameters. Secondly, localized 
partial discharge can never be eliminated completely in GIS or 
wall bushings. This acts as additional ionization sources. 
Thirdly, experiments have shown that there can exist minor 
insulator defects due to manufacturing or installation. As a 
result, the distribution of surface charge can be tremendously 
non-uniform in the azimuthal direction, making model 
prediction more difficult. Therefore, much more effort is to be 
devoted to obtain accurate charge and potential measurement 
under well-defined experimental conditions, including the 
measurement of the model parameters. With more powerful 
computing power, three-dimensional model will be preferred. 
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Table 1 Details of boundary and interface conditions used in the charge transport model. 
Equation Boundary description Conditions 
 
 
Gas domain, Poisson’s 
Equation 
Live electrode surface bounding the 
gas domain 
Fixed value condition at the given DC voltage is 
imposed. 
Earthed metallic wall A zero potential is imposed. 
Interface between gas and surface layer φ𝑔 = 𝜑𝑙 
Interface between solid and gas (no 
surface layer) 
φ𝑔 =  φ𝑠                                                       
Gas domain, positive ion, 
Equation (3) 
All solid surfaces (live electrode, 
insulator and earthed metallic wall) 
Perfect absorber when ?⃗? ∙ 𝐸𝑔⃗⃗⃗⃗ > 0 (
*);  
Perfect repeller (𝑛+ = 0) when ?⃗? ∙ 𝐸𝑔⃗⃗⃗⃗ < 0 
Gas domain, negative ion, 
Equation (3) 
All solid surfaces (live electrode, 
insulator and earthed metallic wall) 
Perfect absorber when ?⃗? ∙ 𝐸𝑔⃗⃗⃗⃗ < 0 (
*);  
Perfect repeller (𝑛− = 0) when ?⃗? ∙ 𝐸𝑔⃗⃗⃗⃗ > 0 
 
 
Insulator body, Equation 
(1) 
Live electrode surface bounding the 
insulator domain 
Fixed value condition at the given DC voltage is 
imposed. 
Earthed electrode A zero potential is imposed. 
Interface with surface layer φ𝑠 = 𝜑𝑙 is imposed; 
Interface directly with gas domain (no 
surface layer) 
−𝑒[𝑬𝒈(𝑛
+𝑏+ + 𝑛−𝑏−) − (𝐷+∇𝑛+ − 𝐷−∇𝑛−)] ∙ 𝑛𝑠⃗⃗⃗⃗   
is imposed as the current density into the solid 
domain. 𝑛𝑠⃗⃗⃗⃗  is the unit normal vector on the solid 
domain boundary.                                                    
Surface layer, Equation (5) Live electrode bounding the top end of 
the surface layer 
Fixed value condition at the given DC voltage is 
imposed. 
 Earthed electrode A zero potential is imposed. 
All equations On symmetric axis of the domain The radial derivative of all solved quantities is zero. 
(*) ?⃗?  is an outgoing unit normal vector from the boundary face of a domain. For example, on the live electrode surface of the gas 
domain, the unit normal vector points out from the gas domain (going into the live electrode). Eg as a vector is the electric field 
vector in the gas domain. 
 
 
